Despite progress made in the field of immunosuppression, graft rejection remains a major cause of morbidity and mortality of patients after solid organ transplantation. There are several genetic causes which could influence the outcome of renal transplantation. One of the main determining factors of success in renal transplantation is human leukocyte antigen (HLA) compatibility between donor and recipient, particularly at HLA-A, HLA-B and HLA-DR loci. HLA compatibility remains an essential immunological barrier, despite modern immunosuppressive treatments. There is also evidence that natural killer (NK) cell alloreactivity contributes to the immune response which modulates the outcome of renal transplantation. However, the clinical impact of combinations of KIR genes (family of NK cell receptors) and their HLA ligands in donor and recipient still remains to be clearly established. Furthermore, cytokines are involved in the immune reaction against the renal transplant, but the implication of the genetic polymorphism of cytokines is strongly debated. Therefore, while HLA compatibility remains a primordial component for any renal transplantation, it would be premature to use the two other genetic aspects as criteria for organ allocation and as prognostic factors.
Introduction
Solid organ transplantation between two genetically unrelated individuals induces a powerful immune response in the recipient leading to the rejection of the graft. This immunological reaction is largely determined by genetic factors. The strategies to inhibit this reaction include optimal genetic compatibility between donor and recipient and the use of immunosuppressive treatment to prevent rejection. In addition to the classical human leukocyte antigen (HLA) system, other immunogenetic factors have emerged as being of significant interest in transplantation immunology. The present review summarises the current knowledge of the significance of HLA compatibility, focusing on the KIR receptors of natural killer (NK) cells and on the genetic polymorphism of several cytokines (IL-6, IL-10, TNF-α and TGF-β). These non-HLA immunogenetic markers have been evaluated in a limited number of publications, mainly in regard to kidney transplantation.
The HLA polymorphism
The HLA genes are clustered on the short arm of chromosome 6 and code for the 3 HLA class I antigens (HLA-A, -B, -C) and the 3 HLA class II antigens (HLA-DR, -DQ, -DP) that are relevant to transplantation. The HLA genes constitute a multigenic system with a high degree of allelic polymorphism in human populations, with over 7,500 different alleles and over 5,458 expressed HLA antigens currently known ( fig. 1 ).
Figure 1
MHC genes alleles. Short arm of chromosome 6 with representation of three HLA class I genes and three HLA class II genes. The latter have a different gene that encodes each α and β chain forming the final HLA class II molecule. These genes encode polymorphic proteins (over 5,400) known currently and are involved in the presentation of antigens to T cells. Moreover, the total number of alleles for the HLA loci is over 7,527, including silencing alleles (IMGT/HLA database).
An additional level of complexity exists in the HLA-DR sub-region. Whereas all individuals have a DRB1 gene that codes for alleles of the DR1-DR18 serotypes, about 90% of individuals have a second DRB gene: DRB3, DRB4 or DRB5. This second DRB locus codes for the much less polymophic serotypes DR52, DR53, and DR51 respectively. Since HLA genes are co-dominantly expressed as cell surface glycoproteins, a heterozygous individual may express up to 14 different HLA antigens. The biological function of HLA molecules is to present peptide antigens to T lymphocytes. The HLA diversity is important in human populations as HLA polymorphism gives rise to a broader peptide antigen recognition and presentation to T cells, allowing an optimal adaptive immune response. HLA polymorphism thus represents an important immunological barrier in solid organ transplantation, and the risk of acute/chronic rejection due to incompatible HLA antigens persists. The number of HLA disparities increases the risk of graft failure, and the better the recipient/donor HLA compatibility, the better the chances for a successful transplantation [1] [2] [3] . Due to their high allelic polymorphism, HLA molecules are potent inducers of the immune response and anti-HLA antibodies develop after exposure to allo-HLA antigens, typically after blood transfusion, pregnancy and previous transplantation [4] . The de novo development of these anti-HLA antibodies is a risk factor for graft rejection and the presence of preformed anti-HLA antibodies also represents a barrier to successful transplantation [5, 6] . Although the impact of HLA compatibility has been recognised for 2 decades (reviewed by Wujciak & Opelz) [7] , the advances in immunosuppression protocols are such that rejection episodes are managed more efficiently, thus minimising the importance of HLA matching. A study based on the UNOS data reported that the impact of HLA compatibility had greatly diminished [8] . Consequently, some allocation programmes have gradually toned down the role of HLA matching from the algorithms used for prioritisations on the waiting list. The lower importance of HLA matching was also favoured in the early years of the 21 st century with the advent of the microarray-based luminex technology for detecting donor-specific antibodies (DSA), thus allowing organ allocation around well characterised HLA specificities. However, results of the large CTS study cohort (135,970 kidney transplants) clearly showed that HLA matching on graft survival rate has not lost its importance, and its significance is obvious when comparing the decades 1985-1994 and 1995-2004 [9] . Even when analysing the last 5 years of the study period separately (2000) (2001) (2002) (2003) (2004) , a significant correlation of graft survival with HLA matching was disclosed [9] . An analysis of the SRTR data base (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) consisting of >15,000 re-transplant candidates revealed the negative effect of poor HLA matching on graft survival after the first transplantation associated with a significant increase in the development of anti-HLA antibodies (measured by panel reactive antibody (PRA)) proportional to increasing HLA mismatches. Only 10% of patients with 0 HLA-A and -B-mismatches became newly sensitised after graft loss compared to 37% (>30% PRA) in transplants with a greater extent of HLA mismatches [10] . In addition to the classical HLA-A, -B and -DR antigens, the role of HLA-C and -DQ antigens in terms of graft survival or sensitisation is now documented [11, 12] . Analysis of the immunogenicity of incompatible HLA-A, -B antigens in terms of the numbers of amino acid residue mismatches (epitopes mismatches) is associated with better transplant outcome than conventional matching based on HLA typing by serology [13] . Although anti-DP antibodies are frequently detected in sensitised patients, their impact on transplant outcome is still not clear and needs to be further evaluated. In the context of kidney transplantation from live donors, donor age and HLA matching have recently been shown to be independent donor-related risk factors associated with both decreased patient and graft survival [14] . Based on a better understanding of anti-HLA immunisation, Duquesnoy [15, 16] developed a new computer algorithm, HLAMatchmaker, making it possible to assess HLA mismatch acceptability based on the epitopes recognised by anti-HLA antibodies. These epitopes are characterised by crucial amino acid residues (so-called "eplets") that dominate in antigen-antibody binding. HLA matchmaker represents a useful tool for determining histocompatibility at the epitope level that goes beyond the classical HLA-A, -B, -DR matching algorithm.
Natural killer cells and polymorphism of KIR receptors
Natural killer (NK) cells "Natural killer" cells are large lymphocytes of the innate immune system [17] [18] [19] that represent 5-25% of mononuclear circulating cells. They establish the first line of defence of the body against intracellular infections and tumoural cells [17] [18] [19] . The two main effective functions of NK cells are lysis of the target cells by cytotoxic granules and the secretion of pro-inflammatory cytokines (ex: IFN-γ and TNF-α) [17] [18] [19] . NK cells possess various receptors on their surface. Some receptors issue activating sig- nals and others issue inhibitory signals ( fig. 2) [19] . The following section is devoted exclusively to "killer-cell immunoglobulin-like receptors" (KIRs).
KIR genes
The KIR genes are located in the region of the genome called "leukocyte-receptor complex" (LRC) on the chromosome 19 [19, 20] . The family of KIRs consists of fifteen genes that code for activating or inhibitory KIRs, and of two pseudo-genes which do not code for a functional protein [19] . In the LRC, the KIR genes are organised in the form of haplotypes which vary according to the number and the type of KIR genes present [19, 21] . In the human system, the segregation of these various haplotypes generates a large variety in numbers and types of KIR genes inherited by an individual. As for HLA genes, there is also the extensive polymorphism of KIR genes [19, 20] which influences their expression at the cell surface and their affinity to specific KIR ligands. A given NK cell expresses only a single part of the KIR genes present in its genome [18, 22] . The expression of a certain KIR gene is random. Consequently, each NK cell expresses its own repertoire of KIR receptors and this account for a great heterogeneity of NK cells within an individual [23, 24] . KIR proteins are cellular receptors which are either activating (aKIRs) or inhibitory (iKIRs) ( fig. 2 and 3) [18, 19] . They consist of two or three immunoglobulin-like domains in their extracellular extremities which serve as the site of interaction for the specific ligand, of a transmembrane region and of a cytoplasmic region which is responsible for the signal transduction within the NK cell ( fig. 3) . KIR molecules formed by two or three immunoglobulin-like domains are named KIR2D or KIR3D. Furthermore, according to the length of the cytoplasmic tail which can be either long or short, the receptors are called KIR2DS (for short) or KIR2DL (for long) ( fig. 3 ). Generally, a long cytoplasmic tail sends an inhibitory signal and a short cytoplasmic tail produces an activating signal inside the NK cell. There is, however, an exception for the KIR2DL4 receptor which can simultaneously generate activating and inhibitory signals [18, 19, 25, 26] (www.ebi.ac.uk).
KIR functions
aKIRs recognise a heterogeneous group of ligands that are expressed by cells undergoing stress (ex: intracellular infection, tumoural transformation) [18, 19] . They induce activation of NK cells. iKIRs link to HLA class I molecules which are expressed on all healthy nucleated cells [18, 19, 27] . Engagement of iKIRs inhibits the activation of NK cells. Known combinations for the interaction between iKIRs and HLA class I are the following [18] [19] [20] : -KIR2DL2/3 + HLA-C from group C1 (Cw1/3/7/8) carrying aspargin in position 80. interaction with the target cell, determines the behaviour/ action of the NK cell [18, 19] . NK cells are capable of discriminating between a healthy cell which must be preserved and an infected/tumoural cell which must be eliminated [19, 28] . The main interactions between NK cells and target cells are illustrated and commented on in figure 4 and its legend. KIR genes are located on chromosome 19 and HLA genes on chromosome 6, and therefore the inheritance of these separate families of polymorphic genes generates diverse combinations of pairs of iKIR-HLA class I within individuals [19, 29] . Thus, it is possible that some iKIRs do not find specific ligands. Less than 10% of the population has the four pairs of interacting iKIR-HLA class I described above. Nevertheless, approximately 70% of individuals possess two-to three pairs of iKIR-HLA class I and only 20% have a single pair. However, every NK cell acquires a functional competence, but only if it possesses at least one inhibitory receptor like iKIR which interacts in an adequate way with its ligand [19, 26] . If the cell does not fit this selection criterion, the NK cell stays in a hypoactive state, precluding its activation and defensive action against autologous cells or a potential autoimmune response [26] . Besides, aKIRs seem less essential than iKIRs to the function of NK cells since some individuals do not possess aKIR and are nevertheless healthy [21] . Activating KIR can also bind HLA ligands but less strongly compared to iKIR. Most of the aKIR ligands are still unknown, some aKIR can bind HLA-C as well as inhibitory KIR but with less affinity (like KIR2DS21 with some alleles of the HLA-C2 group and -2DS4 with few alleles mainly from HLA-C1 group) but additional ligands for aKIR are the purpose of intense research [21] . As a general rule, a single NK cell possesses more inhibitory receptors than activating receptors [18, 19] .
Role of KIR polymorphism in solid organ transplantation
Alloreactivity of a recipient's NK cells could participate in the immunological reaction which influences the outcome of solid organ transplantation [29, 30] . NK cells can react against the graft by several mechanisms [29, 30] ; 1) If the transplanted cells do not express the same HLA class I molecules as the recipient's, NK cells detect the "missing-self", (see fig. 4 ) become activated and induce lysis of the donor cell; 2) Inflammation caused by surgery during solid organ transplantation induces the expression of stress molecules on graft cells that are recognised by aKIRs ("induced-self killing") making them susceptible to the NK cell attack [30] [31] [32] . A limited number of studies have investigated the influence of KIR, their HLA ligands and the outcome of the transplantation. Some reports have demonstrated a correlation between specific KIR/HLA-C and graft survival in kidney and liver transplantation [9, 33, 34] . However, this effect was not systematically observed [35, 36] . The divergent conclusions could be explained by differences in the setup of the cohorts and the quality of KIR/HLA typing, and these studies also highlight the complexity of HLA-NK cell interactions as well as the pitfalls of studies based on genetic polymorphisms. A recent report suggests that the role of KIR and their HLA ligand could be important mainly in the context of HLA-A, -B, -DR compatible transplantation [37] . In addition, the MHC genotype of the recipient could also be important for the NK cells to reach functional maturity. This requirement for self-MHC-specific KIR has been termed "licensing" [26] . A patient whose NK cells are licensed for KIR2DL2/3 is not a suitable recipient for an organ from a donor with HLA-C specific for KIR2DL1. The licensing of NK cells depends on KIR/HLA-C specificity, which in turn can vary widely from one population to another [29, 30] . In addition, NK cells could induce an immunological tolerance to the transplanted organ, through the elimination of donor's APCs, limiting the alloreactive T-cell activation by direct recognition [31, 32, 38] . The exact role of NK cell alloreactivity in solid organ transplantation is still controversial. The mechanisms leading to NK cell activation in the context of solid organ transplantation need to be fully elucidated. The role of NK cells is better known with regard to hematopoietic stem cell transplantation, particularly as far as their implication in grafts against leukaemia (graftversus-leukaemia [GVL]) is concerned [39, 40] . NK cells can be found in biopsies of renal grafts undergoing acute rejection and more interestingly "NK-type" transcripts are a signature of antibody-mediated-rejection [41] . This observation indirectly implies the participation of NK cells in the immunising response to the graft, especially since they exercise all the necessary functions to activate a rejection. However, further studies are necessary to assess the clinical importance of NK genetic compatibility as a strategy to improve the survival of renal transplants.
Polymorphism of cytokines
Cytokines are small short-acting proteins that are produced by cells of the immune system. They are essential mediators of the inflammatory and immune responses, and once secreted, they bind to a specific receptor on the surface of the target cell and activate cellular function. They are pleiotropic, often redundant, and they can have a synergic or antagonist action, whether local or systemic [17] . The functions of the cytokines discussed in this review are summarised in table 1. Genetic polymorphisms of cytokine genes may influence their levels of production, their affinity to their specific receptors as well as their activity [42, 43] . Polymorphism may be due to a single nucleotide change 
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Swiss Med Wkly. 2012;142:w13668 at the genetic sequence level (single nucleotide polymorphism, SNP). Such mutations occur in the coding or non-coding regions like the promoter, enhancer, methylation site (epigenetic regulation) or RNA splicing site ( fig. 5 ). Several SNPs have been identified in all cytokine genes [44] . In addition, cytokine receptors are also polymorphic, but this aspect will not be discussed here. The role of specific candidate gene polymorphisms has been investigated in a number of studies, mainly in transplantation between relatives. These studies have yielded controversial results due to small sample sizes (inadequate statistical power), incomplete study designs, and lack of adjustments for multiple comparisons. Specifically in organ transplantation, important variables that are critical for graft survival like HLA compatibility, anti-HLA antibodies (DSA, non-DSA) and degree of immunosuppression, have not been taken into account in studies about cytokine polymorphism and transplantation, and this can explain why most of these studies have given inconclusive results. For example, several studies failed to show significant effects of the genetic polymorphism of cytokines on the survival of renal transplants, particularly for cytokines such as IL-6, IL-10, TNF-α and TGF-β1 [45] [46] [47] [48] [49] [50] . As illustrated in table 2, studies on IL-6 -174 G/C -an SNP associated with different IL-6 levels -revealed somewhat disparate results, possibly linked to the pro-and anti-inflammatory properties of this cytokine. Also the variable phenotypes hinder informative comparisons between the different studies. Altogether, it appears that IL-6 SNP genotypes associated with a higher production of IL-6 are more frequently associated with an unfavourable clinical outcome. It is of note, however, that the two "negative" studies are the ones with the largest number of patients. Among the polymorphisms most frequently targeted for the candidate gene analysis are IL-10-1082, TNFα-308, and TGF-β+10. As illustrated in a previous review [51] , the data so far available do not warrant conclusive results, although some trends do emerge. Several studies have reported a link between IL-10-1082G/A polymorphism and renal transplantation outcome [52] , a lower rejection risk being associated with the -1082GG genotype (high IL-10) and a higher rejection incidence conferred by the -1082AA genotype (low IL-10). Several studies have reported that high TNF-α producer genotypes were associated with higher rates of acute rejection episodes after kidney transplantation [53] [54] [55] , but this association was not confirmed in later studies [55, 56] . Interestingly, in the largest study published to date, TNF-α-308A (high producer genotype) was associated with lower graft survival rates in re-transplant patients but not in first transplant patients [57] . A single-centre study on 436 patients, in which 9 SNPs were tested at the TNF-α, MCP-1, RANTES, IFN-γ, and TGF-β loci, did not reveal any impact on the outcome of kidney transplantation [56] . In a meta-analysis of 1,087 individual patient data targeting TGF-β, IL-10 and TNFα polymorphisms, only 2 SNP-haplotypes, IL-10-1082/819/-592ACC and TGF-β+10/+25CC, were associated with poor outcome but with OR below 1.5 [46] . The impact of genetic polymorphisms of cytokines on renal transplantation is still strongly debated [43, 58, 59] . When analysing these results, it has to be kept in mind that cytokines are involved in complex inflammatory and immunological cascades and that they form a complicated network. Thus, the effect of an isolated genetic variability in a cytokine may be difficult to pinpoint in view of the complex pathways at play in biological systems such as organ rejection. In solid organ transplantation, the immune response is not only determined by the activities of the recipient's cytokines but also by those of the donor [45, 60] . As with NK polymorphism, cytokine gene polymorphisms are not a criterion for donor selection or for the identification of patients at higher risk of rejection. Additional studies are necessary to shed more light on the relationship between genetic polymorphism of cytokines and outcome of solid organ transplantation. 
Conclusion
It is well established that the most important genetic factor in determining the outcome of the renal transplant is HLA compatibility between donor and recipient, particularly at HLA-A, HLA-B and HLA-DRB1 loci. In addition, the new immunosuppressive drugs do not compensate entirely for the deleterious effect of the HLA incompatibility. On the contrary, the polymorphism of NK cell KIR receptors and cytokine gene polymorphisms may play a role, but its clinical impact is still being debated. Due to the pleiotropic effect of cytokines and of the multigenic origin of posttransplant complications, such polymorphisms should be analysed in combinations. In summary, HLA compatibility is the main criterion in organ allocation programmes and for the time being it is too early to resort to KIR/HLA combinations and cytokine genotypes in the decision algorithm. Furthermore, non-immunological factors such as ischaemia time and duration of dialysis before transplantation have to be taken into account. However, given the limited number of available organs for transplantation, the majority of patients are allocated organs only partially HLA-compatible. Obviously, additional immunogenetic criteria could make the task even more complex and prolong the time on the waiting list for patients with unfavourable genetic factors. The identification of genetic markers could help to stratify the risk of rejection and lead to administer adapted immunosuppressive treatments. Indeed, it is important to identify recipients at high risk of rejection with the aim of adapting their immunosuppression accordingly, while minimising it for those patients at low risk, in order to avoid the side effects of these drugs and ensure the best possible quality of life for transplanted patients. At present, the recommended strategy to improve the outcome of renal transplants is the association of optimal donor/recipient HLA compatibility and the use of personalised immunosuppressive medication.
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Figure 2
Natural killer cell receptors. Natural killer cells express activating and inhibitory receptors belonging to specific families of receptors like the KIR family.
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